Caspase-3 is a key effector caspase that is activated in both extrinsic and intrinsic pathways of apoptosis. Available fluorescent sensors for caspase-3 activity operate in relatively short wavelength regions and are nonoptimal for multiparameter microscopy and whole-body imaging. In the present work, we developed new genetically encoded sensors for caspase-3 activity possessing the most red-shifted spectra to date. These consist of Förster resonance energy transfer (FRET) pairs in which a far-red fluorescent protein (mKate2 or eqFP650) is connected to the infrared fluorescent protein iRFP through a linker containing the DEVD caspase-3 cleavage site. During staurosporine-induced apoptosis of mammalian cells (HeLa and CT26), both mKate2-DEVD-iRFP and eqFP650-DEVD-iRFP sensors showed a robust response (1.6-fold increase of the donor fluorescence intensity). However, eqFP650-DEVD-iRFP displayed aggregation in some cells. For stably transfected CT26 mKate2-DEVD-iRFP cells, fluorescence lifetime imaging (FLIM) enabled us to detect caspase-3 activation due to the increase of mKate2 donor fluorescence lifetime from 1.45 to 2.05 ns. We took advantage of the strongly red-shifted spectrum of mKate2-DEVD-iRFP to perform simultaneous imaging of EGFP-Bax translocation during apoptosis. We conclude that mKate2-DEVD-iRFP is well-suited for multiparameter imaging and also potentially beneficial for in vivo imaging in animal tissues.
Reports

METHOD SUMMARY
We developed a new sensor, mKate2-DEVD-iRFP, for caspase-3 activity based on FRET between the far-red fluorescent protein mKate2, which is used as the donor, and infrared fluorescent protein iRFP, which is used as the acceptor. The strongly red-shifted spectrum of the new sensor is advantageous for multiparameter imaging, as exemplified by simultaneous imaging of mKate2-DEVD-iRFP and EGFP-Bax during apoptosis. maxima at 440 and 570 nm, respectively) and the mRFP1 variant FP615 (excitation and emission maxima at 590 and 615 nm, respectively). The red-shifted emission spectrum of RACS3 allowed dual FRET imaging using RACS3 and the calcium sensor YC3.60 (which consists of the cyan ECFP and yellow Venus fluorescent proteins).
Sensors possessing fluorescence as far red-shifted as possible, however, are highly desirable for advanced multiparameter imaging, as well as for whole-body imaging in animal models, due to the nearinfrared window of transparency of animal tissues (10, 11) . In this respect, infrared fluorescent proteins (IFPs) represent a promising basis for the construction of strongly red-shifted fluorescent sensors. IFPs are engineered bacteriophytochromes that are infrared fluorescent (excitation and emission maxima at 660-690 and 680-720 nm, respectively) due to covalently bound biliverdin (12, 13) .
In a very recent report, the fluorogenic sensor of caspase-3 activity, iCasper, was created using a circularly permuted IFP (14) . It was designed in such a way that the IFP contains no biliverdin cofactor in the native (uncleaved) state and develops infrared fluorescence only after cleavage by caspase-3. However, iCasper contains split GFP as an essential part of the sensor to ensure integrity of the protein chain after cleavage as well as to help visualize cells expressing iCasper. Thus, mutiparameter imaging with additional green fluorescent tags or sensors is inapplicable for iCasper in its present version (although the split GFP can potentially be swapped for a split RFP variant).
Recently, we tested FRET between far-red GFP-like fluorescent proteins and iRFP (15) . iRFP, also known as iRFP713 (16) , is one of the best variants of this protein class in terms of fluorescence brightness, maturation efficiency, and stability (17) . Another important advantage of iRFP is that in most experimental models it does not require addition of exogenous biliverdin (17) . It should be noted that excess bilivedin, which is often used for other IFPs (12) , can potentially affect cell physiology (18) (19) (20) (21) . The high extinction coefficient (105,000 M -1 cm -1 ) of iRFP makes it a potentially efficient FRET acceptor. We constructed fusion proteins in which a donor protein (mKate2, eqFP650 or eqFP670) was connected to an acceptor (iRFP) via a 17-amino acid linker containing the DEVD caspase-3 recognition site. Recombinant proteins were purified from bacteria and tested in vitro. All three fusion proteins demonstrated an expected increase of the donor fluorescence upon cleavage with caspase-3. However, the eqFP670-iRFP pair showed poor folding efficiency and low fluorescence brightness.
In the present work, we tested mKate2-DEVD-iRFP and eqFP650-DEVD-iRFP sensors for detection of caspase-3 activation in the course of apoptosis in mammalian cells.
Materials and methods
Genetic constructs and cell lines
The mKate2-DEVD-iRFP and eqFP650-DEVD-iRFP sensors consisted of the indicated fluorescent proteins (mKate2 and iRFP or eqFP650 and iRFP) connected by an amino acid linker GGNSGDEVDGTS-VATGS, which is identical to the one used in the pCasper3-BG plasmid (Evrogen, Moscow, Russia) as described previously (15) .
The plasmids for transient mammalian expression of sensors were constructed by inserting the sensors' coding sequences (obtained by PCR) into the pTagBFP-N vector (Evrogen) by replacing the TagBFP sequence using the AgeI and NotI restriction sites. Where appropriate, pmKate2 (Evrogen) and pEGFP-Bax (Clontech, Palo-Alto, CA) vectors were used for transient transfections.
HeLa and CT26 (murine colon carcinoma) cell lines were cultured in DMEM with 10% fetal calf serum (GE Healthcare Life Sciences, Logan, UT), 2 mM glutamine (PanEco, Moscow, Russia), 10 U/mL penicillin, and 10 mg/mL streptomycin (PanEco). Cell cultures were maintained at 37°C in a humidified 5% CO 2 incubator. Transient transfection was performed using X-tremeGENE 9 (Roche Diagnostics GmbH, Penzberg, Germany) or FuGene 6 (Promega, Madison, WI) transfection reagents.
Stable CT26 cell lines were created using lentiviral transduction, essentially as described earlier (22) . Briefly, the PCR fragment containing the mKate2-DEVDiRFP or eqFP650-DEVD-iRFP open reading frame was cloned into NdeI-and SalI-digested pRRLSIN.EF1.WPRE vector kindly provided by Didier Trono (Ecole Polytechnique Federale de Lausanne, Lausanne, Switzerland), with a modified multiple cloning site. Vector particles were generated by calcium phosphate transient transfection of HEK293T cells with the two packaging plasmids pR8.91 and pMD.G, and the transfer vector plasmid (mKate2-DEVD-iRFP or eqFP650-DEVD-iRFP). To create stable cell lines, 3 × 10 6 lentiviral particles were added to 1 × 10 5 CT26 cells. Cell populations with the brightest fluorescence were sorted using a MoFlo fluorescence-activated cell sorter (DakoCytomation, Glostrup, Denmark).
Apoptosis was induced with 10 mM staurosporine (Enzo Life Sciences, Farmingdale, NY).
Fluorescence microscopy A BZ9000 microscope (Keyence, Osaka, Japan) with a 120W ultra-high-pressure mercury lamp and a 2/3 inch, 1.5 million pixel monochrome CCD camera was used for wide-field fluorescence microscopy. Multiposition time-lapse imaging was performed at 37°C in a HEPES-buffered media using the 20× objective in far-red (excitation at 540-580 nm, dichroic mirror at 595 nm, emission at 600-660 nm), infrared (excitation at 590-650 nm, dichroic mirror at 660 nm, emission at 670-740 nm), and when appropriate, green (excitation at 450-490 nm, dichroic mirror at 495 nm, emission at 510-560 nm) channels.
The response of the caspase-3 sensors was estimated as follows. For each cell in a time-lapse series, the backgroundsubtracted signal of the donor fluorescence (mKate2 or eqFP650; far-red channel) was divided by the background-subtracted signal of the acceptor fluorescence (iRFP; infrared channel). Changes in this ratio with time (as apoptosis proceeds) were normalized to the first time point.
Fluorescence lifetime imaging (FLIM)
FLIM was performed on a laser scanning confocal microscope (LSM 710; Carl Zeiss, Jena, Germany) with a FLIM module (Becker & Hickl GmbH., Berlin, Germany). The C-Apochromat 40×/1.2 W objective was used for all measurements. Two-photon excitation of the donor protein was performed with a Ti:Sa short-impulse femtosecond laser Chameleon Vision II (Coherent, Santa Clara, CA) at 1000 nm with a modulation frequency of 80 MHz and a pulse duration of 140 fs. Fluorescence was detected with the 595-670 nm emission filter. In time-lapse FLIM microscopy, images were obtained at 
Results and discussion
We constructed vectors for the expression of mKate2-DEVD-iRFP and eqFP650-DEVD-iRFP in mammalian cells. After transient transfection with these vectors, HeLa cells showed evenly distributed fluorescence in the far-red and near infrared channels. Upon induction of apoptosis with staurosporine, we observed the expected increase of the donor fluorescence intensity shortly before cell shrinkage and blebbing typical for dying cells. mKate2-DEVD-iRFP and eqFP650-DEVD-iRFP demonstrated a similar (about 1.5-fold) increase of the donor signals (not shown).
For a more thorough characterization of the sensors, we generated CT26 (mouse colon carcinoma) cell lines stably expressing mKate2-DEVD-iRFP or eqFP650-DEVDiRFP. To follow apoptosis, CT26 mKate2-DEVD-iRFP cells were treated with staurosporine and photographed in 2 channels (far-red and near infrared for detection of mKate2 and iRFP, respectively) every 5 min for several hours. Such ratiometric imaging should provide a suitable response that is insensitive to cell movement, changes of cell shape, and other events unrelated to caspase-3 activation. We observed an extended period of a constant mKate2/iRFP ratio, followed by its sharp increase (1.63 ± 0.15 fold) ( Figure 1A) . A clear apoptotic change of cell morphology (shrinkage and blebbing) occurred in these cells 20-30 min after the mKate2-DEVD-iRFP sensor response. No change in the mKate2/ iRFP ratio was detected in apoptotic cells expressing a control construct in which the DEVD sequence was mutated to DEVG (data not shown). We concluded that the increase of mKate2 fluorescence intensity reflects activation of caspase-3 and the elimination of FRET between mKate2 and iRFP, similar to the well-documented responses of other caspase-3 sensors (5-9).
Experiments on staurosporine-treated CT26 cells expressing eqFP650-DEVDiRFP demonstrated a similar behavior of this sensor with a 1.59 ± 0.15 fold increase of eqFP650 fluorescence intensity ( Figure 1B) . However, some cells manifested an unusual phenomenon of reversible sensor aggregation ( Figure 1C ). At some time points, the fluorescent signal in these cells became concentrated in several very bright dots. These nearly immobile dots persisted for a long time, but disappeared shortly before activation of the sensor response (increase of eqFP650/iRFP ratio). It is probable that aggregation of eqFP650-DEVD-iRFP occurs because of the dimeric state of both eqFP650 and iRFP. Although this aggregated sensor still responded to caspase-3 activation, this phenomenon complicates analysis. Thus, we concluded that mKate2-DEVD-iRFP is the preferable far-red sensor for caspase-3 since it does not aggregate.
Notably, both sensors demonstrated a similar ~1.6-fold increase in donor fluorescence intensity upon cleavage with caspase-3 in dying cells that corresponds to 38% FRET efficiency. Considerably lower FRET efficiencies (5% for mKate2-DEVD-iRFP and 25% for eqFP650-DEVDiRFP) were detected in our previous experiments with purified sensors in vitro (15) . We attributed this discrepancy to incomplete maturation of the iRFP acceptor during expression in bacteria.
We next applied fluorescence lifetime imaging (FLIM) for analysis of the mKate2-DEVD-iRFP sensor. Control CT26 cells expressing mKate2 alone possessed a fluorescence lifetime of 2.05 ± 0.05 ns, while the fluorescence lifetime of mKate2 within the mKate2-DEVD-iRFP sensor was 1.40 ± 0.07 ns, demonstrating the expected shortening of the donor fluorescence lifetime due to FRET (estimated FRET efficiency -32%). Time-lapse FLIM microscopy of CT26 mKate2-DEVD-iRFP cells after induction of apoptosis with staurosporine allowed the detection in individual cells of an increase of mKate2 fluorescence lifetime to 2.06 ± 0.08 ns (Figure 2 ) that corresponds to the lifetime of free mKate2. Thus, FLIM microscopy provides a useful way to monitor mKate2-DEVD-iRFP response due to the 45% increase of mKate2 fluorescence lifetime after sensor activation (corresponding to the FRET change from 32% to 0%).
To demonstrate the utility of these new sensors for multiparameter imaging, we performed simultaneous monitoring of caspase-3 activity and Bax translocation during apoptosis. CT26 cells stably expressing mKate2-DEVD-iRFP were transiently transfected with EGFP-Bax. In resting cells, the green EGFP-Bax signal was evenly distributed in the cytoplasm and nuclei. The next day, apoptosis was induced by treatment with staurosporine and cells were observed for several hours in three channels: green for EGFP, far-red for mKate2, and near-infrared for iRFP. In individual cells undergoing apoptosis, we were able to clearly detect both translocation of EGFP-Bax from the cytoplasm to mitochondria (23) and an increase in mKate2 signal due to activation of caspase-3. Surprisingly, the expected order of these events-Bax translocation followed by caspase-3 activation-was observed in only a small proportion (6 of 65 cells; ~10%) of the cells ( Figure 3A ). In the majority of cells (~90%), Bax translocation occurred 5-10 min after initiation of the mKate2 fluorescence increase ( Figure 3B ). Similar results were obtained in HeLa cells transiently co-transfected with mKate2-DEVD-iRFP and EGFP-Bax (data not shown).
Staurosporine is a broad-range protein kinase inhibitor (24) that is widely used as a proapoptotic stimulus, but the mechanisms of its proapoptotic action remain poorly understood (25) . It is generally thought that staurosporine activates the intrinsic mitochondrial pathway of cell death, which includes Bax translocation to mitochondria, release of cytochrome c from mitochondria, activation of the apoptosome, and activation of caspase-9. Active caspase-9 in turn activates downstream caspases, including caspase-3. Thus, in our experiments we expected to observe EGFP-Bax translocation first followed by an mKate2-DEVD-iRFP fluorescence change (caspase-3 activation). To our surprise, only a minor fraction of the cells showed this order of events. Conversely, the mKate2-DEVD-iRFP fluorescence response mainly occurred before EGFP-Bax translocation into mitochondria. This indicates that in these cells caspase-3 was activated in a Bax-independent manner, whereas Bax translocation was a secondary event at the late stages of apoptosis. Indeed, it 
IN VIVO IMAGING PROBES
vergentbio.com/invivo 844.803.0346 was recently demonstrated that staurosporine can directly activate caspase-9 independently of the classical mitochondrial apoptosis pathway (25) . A more detailed understanding of this non-canonical order of events that we observed during apoptosis will require further study.
In our experiments, we showed that mKate2-DEVD-iRFP is well-suited for multicolor imaging together with a green fluorescent protein. Such multiparameter imaging is very important for deciphering the true order of events and the correlations between them since individual cells behave non-synchronously. Compared to red caspase-3 sensors RACS3 (9) and TagRFP-23-KFP (26), mKate2-DEVD-iRFP possesses strongly red-shifted spectra for both donor and acceptor. Potentially, this makes it possible to use mKate2-DEVDiRFP together with orange or even red fluorescent proteins [see examples of multicolor labeling with mKate2 and mOrange2 (27) or TagRFP (28)], which are clearly incompatible with RACS3 and TagRFP-23-KFP. Also, in the case of RACS3, excitation of dKeima at 440 nm can result in significant cross-talk with the emission of cyan and green fluorescent proteins, which tail into the red detection channel.
Another potential advantage of the new sensor is better penetration of far-red light through animal tissues (10, 11) . Thus, deeper imaging in animal models can be achieved compared with shorter wavelength sensors. For example, CT26 cells stably expressing mKate2-DEVD-iRFP that were generated in the present work could potentially be used to monitor apoptosis in xenograft tumors in BALB/C mice using fluorescence ratiometric or FLIM whole body imaging. 
